Background An effective NMDA antagonist imaging model may find key utility in advancing schizophrenia drug discovery research. We investigated effects of subchronic treatment with the NMDA antagonist memantine by using behavioural observation and multimodal MRI. Methods Pharmacological MRI (phMRI) was used to map the neuroanatomical binding sites of memantine after acute and subchronic treatment. Resting state fMRI (rs-fMRI) and diffusion MRI were used to study the changes in functional connectivity (FC) and ultra-structural tissue integrity before and after subchronic memantine treatment. Further corroborating behavioural evidences were documented. Results Dose-dependent phMRI activation was observed in the prelimbic cortex following acute doses of memantine. Subchronic treatment revealed significant effects in the hippocampus, cingulate, prelimbic and retrosplenial cortices. Decreases in FC amongst the hippocampal and frontal cortical structures (prelimbic, cingulate) were apparent through rs-fMRI investigation, indicating a loss of connectivity. Diffusion kurtosis MRI showed decreases in fractional anisotropy and mean diffusivity changes, suggesting ultra-structural changes in the hippocampus and cingulate cortex. Limited behavioural assessment suggested that memantine induced behavioural effects comparable to other NMDA antagonists as measured by locomotor hyperactivity and that the effects could be reversed by antipsychotic drugs. Conclusion Our findings substantiate the hypothesis that repeated NMDA receptor blockade with nonspecific, noncompetitive NMDA antagonists may lead to functional and ultra-structural alterations, particularly in the hippocampus and cingulate cortex. These changes may underlie the behavioural effects. Furthermore, the present findings underscore the utility and the translational potential of multimodal MR imaging and acute/subchronic memantine model in the search for novel disease-modifying treatments for schizophrenia.
Introduction
In vivo translational imaging, such as magnetic resonance imaging (MRI) and positron emission tomography (PET), has gained substantial interest in advancing drug discovery research (Fox et al. 2009; Wong et al. 2009 ). Functional, resting state and diffusion imaging are specialised MRI protocols particularly useful in CNS drug discovery research. While functional magnetic resonance imaging (fMRI) is extensively used to investigate central activity related to sensory or cognitive stimuli, a blood oxygenation level-dependent (BOLD) fMRI response can also be evoked when the brain is challenged by psychoactive compounds (Borsook et al. 2006 ). This technique is commonly referred to as pharmacological MRI (phMRI) (Borsook and Becerra 2010) . Resting state fMRI (rs-fMRI), on the other hand, has the potential to investigate functional connectivity (FC) in the pharmacologically modulated brain in rodents (Bifone et al. 2010; Schwarz et al. 2007) . Similarly, diffusion kurtosis imaging is particularly useful in characterising the ultrastructural tissue changes in disease models (Delgado y Palacios et al. 2011) .
These neuroimaging methods therefore allow a better understanding on the neurobiological mechanisms underlying psychoactive drug effects. Briefly, mapping the neuroanatomical target sites and studying the subsequent adaptations across doses, treatment regimes and/or with a co-administration of a suitable agonist or antagonist allow for a better understanding on the mechanism of action of compounds in vivo (Sekar et al. 2010 (Sekar et al. , 2011a .
The glutamatergic hypothesis of schizophrenia is supported by several lines of clinical evidence; this includes postmortem, genetic and human psychosis modelling (Krystal et al. 1994; Malhotra et al. 1997) . In this context, NMDA antagonists, such as ketamine or phencyclidine (PCP), can induce a wide range of positive, negative and cognitive symptoms in healthy volunteers that resemble those in patients with schizophrenia (Coyle and Tsai 2004; Mechri et al. 2001a) . When administered to patients, the exacerbated psychotic symptoms have a striking similarity to the symptoms during their usual schizophrenic episodes (Bubeníková-Valesová et al. 2008; Mechri et al. 2001a, b) .
Using in vivo phMRI, Gozzi et al. (2008a) investigated the modulatory effects of PCP along with co-treatment by endogenous and exogenous agonists on the BOLD signal in rats. Ketamine was reported to produce a dose-dependent increase in the BOLD-MR signal localised in the frontal, hippocampal, cortical and limbic areas, which correlated with the pharmacodynamic profile of the drug (Littlewood et al. 2006a) . In a parallel study involving stereoisomers of ketamine [(R−), (S+)], comparable activation was observed in cortical and hippocampal regions (Littlewood et al. 2006b ). Further studies in humans using [18F]-fluorodeoxyglucose and PET imaging showed that a subanaesthetic dose of ketamine induced a bilateral increased metabolic activity in regions of the prefrontal cortex (Langsjo et al. 2004 ) and a reduced cerebral blood flow in the hippocampus (Mechri et al. 2001a; Langsjo et al. 2003 Langsjo et al. , 2004 . Similar responses have been reported using the NMDA antagonist MK-801 in the limbic and frontal cortex in a phMRI study; this correlated with changes in 2-deoxyglucose (2-DG) autoradiography of regional brain glucose metabolism in rats (Houston et al. 2001) .
Memantine is a low affinity, high-voltage-dependent noncompetitive antagonist of the NMDA receptor; it has fast blocking-unblocking kinetics, which facilitates a rapid clearance from the NMDA channel during physiological activation, yet blocking the receptors during peak activity (Danysz et al. 2000) . Our earlier work demonstrated robust and reproducible increases in brain glucose metabolism after acute memantine treatment in mice, and this effect was reversible with antipsychotic drugs (Dedeurwaerdere et al. 2011) .
Despite profound differences in pharmacokinetics, behavioural profiling of memantine in rats has demonstrated similar disruptions in spontaneous and reward-motivated psychomotor behaviours between ketamine and memantine (Gilmour et al. 2009 ). However, ketamine has been classified as a controlled drug, and PCP was withdrawn from the clinical formulary because of abuse liability and neurotoxicity concerns (Olney et al. 1991 (Olney et al. , 1995 , whereas memantine is safely used in the clinic, to improve cognitive function in patients with Alzheimer's disease (Peskind et al. 2006; Winblad et al. 2007) . Memantine is well tolerated, has linear kinetics and 100 % bioavailability (following oral dosing) (Aerosa et al. 2005; Wilcock et al. 2002) . Moreover, an advantage of memantine compared to ketamine is its long biological half-life known to be around 2-4 h (Alley et al. 2010) . Hence, an MRI imaging model using memantine would be useful to explore novel disease-modifying treatments across preclinical and clinical settings in vivo. To our knowledge, this is the first multimodal imaging study investigating memantine in rats.
The aim of this study was (a) to evaluate the effects of acute and subchronic administration of memantine on brain activation as well as functional and anatomical connectivity using multimodal imaging techniques in rats and (b) to correlate these with behavioural responses. We have used phMRI to map the neuroanatomical target sites of memantine and to study the subsequent adaptation in the BOLD response from acute to subchronic treatment. rs-fMRI was used to study FC among discrete brain structures apparent from the phMRI results. Finally, diffusion MRI was used to study the ultra-structural changes in the regions of interest.
Methods and materials

Animals
All procedures were conducted in compliance with the Belgian law (Royal Decree on the protection of laboratory animals, dd. April 6, 2010). The study protocols were approved by the institutional animal experimental ethical committees of Janssen Research & Development (Beerse, Belgium) and University of Antwerp (Antwerp, Belgium).
Male Lister Hooded rats were obtained from Charles River (Germany). Animals were housed in enriched individual ventilated cages in groups of four and habituated to environmental conditions for at least 5 days with food and water ad libitum (conditions: 12:12-h light/dark cycle, temperature, 20-24°C and humidity 45-65 %). Mean body weight range at experimental day was 240-300 g. Rats were used only once in an experiment and euthanized afterwards.
Drugs and treatment groups
Behavioural experiments
Memantine was obtained from Manus Aktteva Biopharma (Ahmedabad, India); PCP, risperidone, haloperidol and olanzapine were synthesised at Janssen Research & Development (Beerse, Belgium). In the acute dose-response experiments, memantine or PCP was administered at doses of 10, 20 or 40 mg/kg intraperitoneally (IP) or 0.63, 1.25 or 2.5 mg/kg subcutaneously (SC), respectively. Based on the inference from these acute dose-response experiments and from the historical data from studies in Janssen Research & Development, subjects received memantine (20 mg/kg/day, IP) or PCP (1.25 mg/kg/day, SC) once daily for five consecutive days. Two to three days after the last subchronic administration, rats were challenged acutely with memantine (20 mg/kg, IP) or PCP (2.5 mg/kg, SC), respectively. Saline was used as the vehicle to dissolve memantine or PCP.
Haloperidol was dissolved in saline + 1 equivalent tartaric acid (=0.5 ml of 1 N tartaric acid per 10-mg compound); olanzapine and risperidone were dissolved in saline + 2 equivalents tartaric acid. The vehicle was administrated in the control group. Drugs were administered 30 min prior to acute challenge with memantine or PCP. All compound solutions were stored at room temperature in a closed container protected from light, and the injection volume was 10 ml/kg. The study involved 49 experimental groups: ten rats/group in acute and in subchronic memantine or PCP experiments and 12 rats/group in antipsychotic drug testing experiments. The experimental design of the behavioural experiments is provided in Table 1 (see Suppl. Material).
Imaging experiments
Acute phMRI experiments involved memantine administered in two doses (20 and 40 mg/kg IP). For subchronic testing, single daily injections of 20 mg/kg/day (IP) were used for five consecutive days. Saline was used as the vehicle for all preparations. Dose selection was based on our behavioural data and a previously published dose-response study to evaluate NMDA antagonist-induced 2-DG functional brain activations (Dedeurwaerdere et al. 2011) .
It is worth mentioning that memantine has been safely used in the clinic; however, the therapeutic doses are in the order of at least five times lower than the 20-mg/kg dose utilised in this study (Parsons et al. 2007 ).
The study design and overview of the imaging experiments are provided in Table 1 . Overview of the scanning experimental design and time points are provided in Fig. 1a , b. For phMRI measurements, the study involved five experimental groups (six rats in each group): acute memantine treatment dose 1, dose 2, controls (vehicle treated), subchronic memantine treatment (20 mg/kg, IP) and chronic control (vehicle treated).
For all phMRI experiments, a single IP administration of memantine or saline was used as the stimulus to generate a phMRI-BOLD response. Longitudinal resting state or diffusion MRI measurements were conducted before and after subchronic treatment in separate groups of eight or ten rats, respectively. In addition, diffusion measures were acquired after 3 days of wash-out. No drug/vehicle challenge was involved in the resting state and diffusion MRI measurements, as compared to phMRI measurements.
Pharmacokinetics experiments
Pharmacokinetics of memantine was determined in the plasma and brain after acute and subchronic treatment to correlate with responses in the MRI and behavioural studies. A single or 5-day repeated injection of memantine (20 mg/kg, IP) was given to treatment naïve animals (n=3/group), and subjects were sacrificed at 0.5, 1, 2, 4, 7 and 24 h postdose to collect blood and brain samples.
Locomotor activity (methods)
Apparatus
Locomotor activity (LMA) was measured by placing rats in black Perspex cylinders of ∅30 cm and 35-cm height with infrared light provided via the open circular area at the bottom. Live images captured by a CCD video camera (five frames/second) mounted 50 cm above each cylinder (12 in total) enabled image analysis software (Ethovision XT, Noldus, The Netherlands) to quantify total distance travelled, tracking areas for each cylinder were individually calibrated, and the X-Y coordinates of the centre of gravity of each subject as determined by the software per video frame were used to calculate the total distance travelled. All experiments were performed during the light cycle, between 0800 and 1700 hours.
Experimental procedure and data analysis
Animals were placed in the arenas for a 30-min habituation phase followed by 60 min after administration of an acute challenge with memantine, PCP or their vehicle. Total distance travelled was cumulated over the habituation and challenge periods, respectively. Ethovision data were exported to MS Excel for graphing and imported in SPSS (IBM, US) for statistical analysis by unpaired t test or ANOVA with Dunnett's post hoc test as appropriate.
Multimodal MRI imaging (methods)
Subject preparation
Initially, rats were anesthetised with 3.5 % isoflurane (Isoflo®, Abbott Laboratories Ltd., USA) in a gas mixture of 30 % oxygen and 70 % nitrogen in an induction box, an IP catheter was placed for the drug challenge and positioned in a stereotaxic head-holding device as described previously (Sekar et al. 2011a, b) . During phMRI or diffusion MRI data acquisition, maintenance of the anaesthesia was achieved using 0.9 to 2 % isoflurane. For the rs-fMRI experiment, the use of isoflurane is argued to be suboptimal ; hence, the animals were sedated using medetomidine (Domitor, Pfizer, Germany), which has been reported to preserve functional connectivity (Pawela et al. 2009 ). Initially, a bolus of 0.05 mg/kg was injected SC, and isoflurane was discontinued after 5 min and then followed by a continuous infusion of medetomidine (0.1 mg/kg/h, SC). After the scanning procedure, medetomidine was antagonised by an injection of atipamezole (0.1 mg/kg, SC) (Antisedan, Pfizer, Germany) (Weber et al. 2006) . Uninterrupted physiological monitoring and maintenance was observed throughout the experiments, as described in Sekar et al. (2011a, b) . Subject selection for scanning was counterbalanced across treatment/dosing groups, to have an even distribution across daylight time. Repeated scanning sessions in the same animal were planned, taking into account the diurnal rhythm.
Experimental protocol
All imaging experiments were performed on a 9.4T Biospec scanner (Bruker, Ettlingen, Germany) using a Bruker linear Fig. 1 Experimental protocol of phMRI study (a) and rsfMRI and DKI study (b) transmit volume coil. An actively decoupled circular surface receiver coil was placed on top of the stereotaxically positioned flat skull of the rat. For rs-fMRI, a parallel receive surface array was used. phMRI images were acquired using a gradient echo (GE) sequence (repetition time (TR), 1,048 ms; echo time (TE), 17 ms; field of view (FOV), 25×25 mm 2 ; matrix size, 64× 64; slice thickness, 0.5 mm, 32 axial slices; and resolution, 0.39×0.39×0.5 mm 3 ). One hundred twenty functional scans were acquired for each subject: 30 baseline (33 min) and 90 postinjection (100 min) scans (Fig. 1) .
For rs-fMRI, a single shot gradient echo-planar imaging (EPI) sequence was used to obtain the images (TR, 2,000 ms; TE, 16 ms; FOV, 30×30 mm 2 ; matrix size, 128×128; slice thickness, 1 mm, 12 axial slices; resolution, 0.23 × 0.23 × 1 mm 3 ; and bandwidth 400 kHz, 150 repetitions).
Diffusion MRI images were acquired using a spin echo (SE)-EPI sequence (TR, 10 s; TE, 24 ms; FOV, 35×23 mm 2 ; acquisition matrix, 96×64; zero filled to 128×64, 50 axial slices; and resolution, 0.28×0.37×0.5 mm 3 ). Diffusionweighted images were acquired with diffusion gradient pulse duration δ=5 ms; diffusion gradient separation Δ= 12 ms; and b values 500, 1,000 and 2,800 s/mm 2 applied in 33, 88 and 178 noncollinear optimised directions, respectively.
Data analysis
Pharmacological MRI
Prior to statistical analysis, images were extensively preprocessed. The image time series from each subject was realigned using a least-square approach and rigid body spatial transformation to eliminate any potential motion related artefacts using SPM99. A single subject (from the experimental group) was randomly chosen as the template, and all subjects were spatially normalised to the template using a 12-parameter affine transformation based on the maximalization of the product of the likelihood function (derived from the residual squared difference) and the prior function (which is based on the probability of obtaining a particular set of zooms and shears) (Ashburner et al. 1997) . Vascular masks, derived by applying a coefficient of variance threshold of 15 %, were used to suppress signal changes associated with macroscopic vessels, minimising the contamination of surrounding parenchyma associated with spatial smoothing as proposed and described by Hlustik et al. (1998) ; these masks were applied to all realigned volumes within the respective time series of each subject. Individual brain masks, generated using AMIRA software (Visage Imaging), were subsequently applied to each subjects' time series, which were Gaussian smoothed to impose a normal distribution, using a full width half maximum (FWHM) kernel of 0.78×0.78×1 mm 3 (twice the size of image resolution). A comparison between preinjection and postinjection scans ("off/on" model) was used to assess the main effect of the treatment, and parametric maps of statistical significance were obtained using a fixed effects general linear model, using SPM99, as previously described (Sekar et al. 2011a, b) . Relative longer half-life of memantine compared to other NMDA antagonists (Alley et al. 2010 ) ensures elevated memantine concentrations for the duration of the imaging experiment. A comparison of preinjection and postinjection scans serves to be a suitable method of assessing the phMRI-BOLD responses. Global muscle signal intensities were determined for each subject and used as covariates, controlling for global drift effects (Lowe et al. 2008) . Subject movement was considered by including the realignment parameters as a nuisance variable (covariates of no interest). Statistical significance for the statistical parametric maps (SPMs) was set at p<0.05, corrected for multiple comparisons (using a random Gaussian field method, a statistically valid approach that would not be hobbled by the overly conservative assumptions of a standard Bonferroni correction). Group statistical parametric map for each treatment (overlaid onto anatomical structural images) displaying T-distribution of BOLD contrast changes after drug administration, with coloured pixels representing T-scores of significant increases and decreases between "pre" and "post" scans were determined. In order to investigate any systemic effect components in the data: general linear model univariate analysis of variance was conducted between subjects mean muscle signal intensities and the injection protocol (Lowe et al. 2008 ).
Resting state fMRI
Prior to FC assessment, an equally comparable/extensive preprocessing (as with the phMRI analysis) was conducted on the rs-fMRI data, using SPM8, that includes the following: realignment, normalisation, estimation of nonlinear deformations, matching and in plane smoothing using an 0.4-mm Gaussian filter (FWHM) (Jonckers et al. 2011) . A band pass filter (0.01-0.1 Hz) was applied to the temporal data to rule out low frequency noise. To calculate the functional connectivity, region of interest (ROI)-based analysis was conducted, using "resting state fMRI data analysis toolkit". A correlation matrix was calculated displaying the FC between the regions identified as primary regions of interest by the subchronic phMRI study, including prelimbic cortex, cingulated cortex and the hippocampus. Moreover, the FC between the left and right striatum was assessed as a control; no changes due to treatment were predicted. ROIs were delineated referring the std Paxinos rat brain atlas. Subsequently, the mean time course was extracted within the ROIs, and the linear correlation between all ROI pairs was calculated as a measure of their FC (four correlations: three between ROIs and one between the control region). For all calculations, motion correction was applied, significantly improving the FC calculations (Kalthoff et al. 2011) .
Effect of subchronic memantine treatment was assessed by comparing correlation values in SPSS16.0 (http:// www.spss.com/software/statistics/) using a repeated measurements design for a p<0.05.
Diffusion MRI
All preprocessing (realignment, normalisation) and the calculations of the invariant diffusion tensor and diffusion kurtosis-based parametric maps, performed on a voxel-byvoxel basis, were done using in-house custom written MATLAB (The Mathworks Inc., Natick, MA, USA) routines. Prior to diffusion MRI analyses, each diffusionweighted data were corrected for potential subject motion as well as geometrical eddy current distortions by affinely aligning all diffusion-weighted images to a nondiffusionweighted reference image. Next, the diffusion gradient directions were rotated correspondingly to preserve the orientation information of the diffusion-weighted data (Leemans and Jones 2009) .
More reproducible and consistent delineation of ROIs for further statistical analyses of the diffusion MRI data was facilitated by warping all subjects nonlinearly to a study-specific population-based reference template. To this end, all diffusion-weighted data were initially normalised to an arbitrarily chosen reference dataset by in-house affine co-registration software based on the maximisation of the mutual information (Maes et al. 1997) . Residual local image misalignments were afterwards corrected by warping all subjects onto a study-specific populationbased diffusion tensor imaging (DTI) atlas using a nonrigid co-registration technique, based on a viscous fluid model (Van Hecke et al. 2008) .
In this study, the diffusion kurtosis model was voxel-wise fitted to the normalised diffusion-weighted images to allow a more accurate estimation of the Gaussian, as well as the nonGaussian diffusion of water molecules (Veraart et al. 2011) . A weighted least squares estimator was used to get an estimate of the diffusion tensor and diffusion kurtosis tensor, which quantify the apparent diffusion coefficient and the deviation from Gaussian diffusion, respectively (Jensen et al. 2005) . From the tensor information diffusion parameters [fractional anisotropy (FA), axial-(AD), radial-(RD) and mean diffusivity (MD)] and additional diffusion kurtosis parameters [mean-(MK), axial-(AK) and radial-kurtosis (RK)] were calculated; subsequently repeated measures ANOVA and paired sample t test were conducted to test for the treatment effect for the different diffusion parameters.
Pharmacokinetics of memantine
Subjects were sacrificed at the predefined time points (0.5, 1, 2, 4, 7 and 24 h postdose) by decapitation, and blood was collected by exsanguination. The whole brain was rapidly dissected and immediately stored at ≤−18°C. Plasma was obtained following centrifugation at 4°C. After thawing, brain samples were homogenised in demineralised water (1/9w/v) under dimmed light conditions. Memantine concentrations in plasma and brain homogenates were analysed by the Bioanalytical Department (Janssen R&D, Beerse, Belgium) by using a qualified research high-performance liquid chromatography with tandem mass spectrometric detection method. The lower limit of quantification was 2.0 ng/ml for the plasma and 20.0 ng/g for the brain. A limited pharmacokinetic analysis was performed on median values using WinNonlin™ Professional (Version 5.2.1). A noncompartmental analysis using the lin/log trapezoidal rule with lin/log interpolation was used for all data.
Results
PCP-and memantine-induced hyperlocomotion
Acute dose-response testing No significant differences in LMA were observed across study groups during the habituation phase (F(6, 66)=1.4, p=ns) [ Table 2 
Effect of subchronic PCP or memantine treatment on LMA
No differences were observed among treatment groups during the initial habituation phase [ Table 3 (see Suppl. Material)]. Two-way ANOVA on the challenge phase data revealed a main effect for subchronic treatment (F(3, 63)=29.3, p< 0.001) and for acute challenge (F(2, 63)=28.4, p<0.001) and also revealed an interaction for subchronic × acute challenge treatment (F(1, 63)=6.4, p=0.014). Decomposition showed significant effects of acute memantine treatment in both subchronic memantine and subchronic vehicle-treated subjects (both p<0.001 for). The LMA response to acute memantine administration in subchronic memantine or subchronic PCP treated rats was significantly higher than in the subchronic vehicle-treated group (p<0.001). Acute memantine administration to subchronic PCP-treated rats also elicited a sensitised LMA response (p<0.001) [ Table 3 (see Suppl. Material)].
Effect of antipsychotic drugs on LMA in subchronic memantine-treated rats
Memantine-induced hyperlocomotion was dose-dependently reversed by pretreatment with classical antipsychotic drugs (see Suppl. Material).
Pharmacological MRI post acute and subchronic memantine treatment
Voxel-based analysis An acute dose of memantine (20 and 40 mg/kg, IP) produced dose-dependent localised signal increases and decreases in the prelimbic cortex of the brain (for a corrected p <0.05, T=4.42, and p<0.05, T=4.44, respectively) (Fig. 2a, b) . Following subchronic memantine treatment of 20 mg/kg, IP, significantly localised negative BOLD effects in the hippocampus, cingulate, prelimbic and retrosplenial cortices were observed (for a corrected p<0.05, T=4.44) (Fig. 2c) .
Systemic effects To evaluate the confounding nature of the systemic effects within the statistical model, the significance of the covariance of the global muscle signal intensities with the experimental paradigm (the injection protocol) were determined in each treatment group (Lowe et al. 2008) . The outcome revealed a nonsignificant covariance with the paradigm [acute memantine 20 mg/kg (F=1.187, p=0.295); acute memantine 40 mg/kg (F = 1.137, p =0.197); subchronic memantine 20 mg/kg (F=3.022; p=0.101)]; hence, the muscle signal intensity changes within these groups may justifiably be regarded as additive nuisance components within the model and not as a confound (Lowe et al. 2008; Sekar et al. 2011a, b) .
Resting state fMRI following subchronic memantine treatment
Brain regions which showed phMRI functional alterations after memantine treatment were used in a regional analysis of FC changes before and after subchronic memantine treatment (Fig. 3) . Decreases in FC were apparent amongst the hippocampus-prelimbic cortex (F(1, 6)=8.335, p=0.0028) , hippocampus-cingulate cortex (F(1, 6) =8.314, p=0.0028) and amongst the cortex (cingulate cortex-prelimbic cortex; F(1, 6)=8.013, p=0.030). FC between the left and right striatum (calculated as a negative control; no phMRI change expected) did not reflect a significant change upon subchronic memantine treatment (p=0.876).
Diffusion MRI following subchronic memantine treatment and wash-out Diffusion parameters including MK, RK, AK, MD, RD, AD and FA were extracted from key ROIs (led by phMRI activations including the hippocampus, cingulate, prelimbic and retrosplenial cortex) and striatum (control region). Statistical tests were conducted across the absolute diffusion parameter values of the pretreatment, posttreatment and postwash-out datasets (Figs. 4 and 5) .
The outcome of repeated measures ANOVA revealed statistical significant changes of the FA and AD in the hippocampus (F(2, 12) = 4.965, p = 0.027) and (F(2, 12) = 4.665, p=0.032), respectively. Further AD values from the cingulate cortex also reflected significant changes (F(2, 12)=4.604, p=0.033). The rest of the diffusion parameters across all the regions of interest investigated failed to reflect any statistical significant change.
The paired sample t test amongst the pretreatment and posttreatment reflected significant decreases in the FA and AD in the hippocampus: (t(7, 2.43)=2.953, p=0.021) and (t (7, 7.22)=2.79, p=0.027), respectively, as well as marginal increase for the AD between the posttreatment and postwash-out condition (t(3, 3.66) = −2.278, p = 0.052). Regarding the cingulate cortex, a statistical significant decrease was observed in the AD between pretreatment and posttreatment (t(7, 6.2)=2.796, p=0.027).
Pharmacokinetics of memantine
Pharmacokinetics of memantine (20 mg/kg, IP) in the plasma and brain revealed similar exposures (with comparable brain/plasma ratios) between acute and subchronic treatment (Fig. 6 ). This result validates that the subchronic MRI responses being observed are not a result of differences in drug exposure, but due to the repeated subchronic treatment.
Discussion
There is strong preclinical and clinical evidence that NMDA receptor hypofunction models symptoms observed in schizophrenia. We aimed to map the neuroanatomical sites that are involved in the induction of NMDA-mediated changes using neuroimaging methods on rats. Our findings demonstrate the central effects of the noncompetitive NMDA receptor antagonist memantine on brain activation, functional adaptations between acute versus subchronic treatment, as well as its effect after subchronic treatment on brain functional connectivity and ultra-structural tissue integrity in rats.
Memantine-induced hyperlocomotion in naive and subchronically treated rats and its reversal by typical and atypical antipsychotic drugs in the present study is consistent with the literature data describing hyperlocomotion triggered by psychotropic stimulants in rodents (Nagai et al. 2003; Hackler et al. 2010; Ver Donck et al. 2011) . This therefore validates the memantine model towards modelling NMDA-mediated psychosis. Acute memantine-induced hyperlocomotion was further enhanced in rats previously treated subchronically for 5 days with memantine. This hypersensitisation to NMDA antagonism is consistent with our earlier findings using subchronic PCP treatment (Ver Donck et al. 2011) . Interestingly, reversal of memantineinduced hyperlocomotion by antipsychotic drugs in subchronic memantine-treated rats was observed at doses that did not interfere with spontaneous locomotor activity.
Neuroanatomical target sites of drug action can be mapped using phMRI (Sekar et al. 2011a, b) . Acute doses of memantine induced dose-dependent and mainly negative BOLD phMRI responses, primarily in the prelimbic cortex. The observed phMRI acute effects diverge from other studies in the direction of the changes (negative BOLD versus positive BOLD) after acute administration of NMDA antagonists such as PCP, ketamine or MK-801 (Gozzi et al. 2008b; Hackler et al. 2010; Littlewood et al. 2006a,b) . Moreover, we observed a robust increase in brain glucose metabolism after acute memantine treatment in mice, comparable to acute administration of other NMDA antagonists like ketamine (Dedeurwaerdere et al. 2011 ). Compared to a single acute memantine dose, subchronic pretreatment with memantine for 5 days resulted in more widespread negative BOLD. The difference observed between acute and subchronic memantine administration cannot be attributed to differences in the plasma and brain exposure as we demonstrated similar pharmacokinetics after acute and subchronic treatment (Fig. 6 ). In line with these results, most imaging studies find decreased brain activation in rodents and primates following subchronic NMDA antagonist treatment (Cochran et al. 2003; Dawson et al. 2010; Yu et al. 2011) . Of note, a negative BOLD response would not necessarily reflect a concomitant decrease in neuronal activity, but could potentially reflect large increases in neuronal activity (Kastrup et al. 2008; Schridde et al. 2008) . Though this finding would partially explain the increased brain glucose metabolism reported above, BOLD results are to be interpreted with caution. Our results showing involvement of additional brain regions following subchronic versus acute treatment may indicate that priming the brain with repeated memantine injections may sensitise the brain for a subsequent injection. The prelimbic, cingulate, retrosplenial cortices and the hippocampus were identified as regions of drug action after subchronic memantine treatment. These are potentially vulnerable regions in schizophrenia and are known to be involved in the mediation of cognitive functions in the domains affected in schizophrenia (Tamminga et al. 2006; Williamson and Allman 2012) .
Recent studies indicate rs-fMRI to be an effective tool to study the functional signalling pathways in the brain (Jonckers et al. 2011; Krienen and Buckner 2009) . Kurtosis MRI, on the other hand, indicates structural modifications in tissue integrity (Kyriakopoulos and Frangou 2009) . The regions identified by the subchronic phMRI experiment were used as primary regions of interest for analysis in the subsequent resting state functional connectivity and diffusion kurtosis MRI investigations. This includes the hippocampus, prelimbic and cingulate cortices. Ample clinical evidence demonstrates disrupted functional connectivity within these circuits with rs-fMRI (MeyerLindenberg et al. 2005; Lawrie et al. 2002) and EEG studies (Ford et al. 2002) in schizophrenic patients. Following subchronic memantine treatment, there was a significantly decreased resting state FC between the hippocampus and the prelimbic and cingulate cortices. Moreover, decreased FC was also apparent amongst the latter two brain regions. Recently, impaired hippocampal-prefrontal synchrony has been documented in a genetic mouse model of schizophrenia (Sigurdsson et al. 2010) .
Clinical studies in schizophrenic patients have reported fractional anisotropy (FA) reductions (White et al. 2007 ). With diffusion kurtosis MRI, we demonstrated that FA was affected in the hippocampus in particular, and axial diffusivity (AD) was significantly decreased in the hippocampus and cingulate cortex after subchronic memantine treatment. Moreover, the decreases in AD persisted after a wash-out period of 3 days indicates the long-lasting nature of memantineinduced changes. Our diffusion kurtosis imaging (DKI) results potentially suggest ultra-structural alterations in the hippocampus and the cingulate cortex after 5 days of subchronic memantine treatment at high dose. Whether these structural changes involve axonal degeneration, loss of synapses, oedema, or other changes would require further verification.
The level of anaesthesia used (i.e., 0.9 to 2 % isoflurane) could be a potential confounding factor as it has been demonstrated that changes in anaesthesia can alter the direction of the BOLD response induced by NMDA antagonists (Gozzi et al. 2008a) . Therefore, the results are to be interpreted with caution. However, immobilisation of animals during scanning by anaesthesia is still considered the standard method to avoid motion artefacts and the influence of altered stress levels, which can lead to false-positive activation. While the study by Gozzi and colleagues (2008a) suggested 0.8 % of halothane anaesthesia as a cutoff, other studies using PCP (Hackler et al. 2010) or ketamine (Littlewood et al. 2006a ) in combination with isoflurane (1 and 1.6 %, respectively) still obtained positive BOLD responses. Though the vast majority of MRI studies are still conducted under anaesthesia, imaging studies in conscious rodents are being endeavoured (Chin et al. 2011; Ling et al. 2011 ) using dedicated animal holder and acclimation training (King et al. 2005) . Such approaches may hold promise for future rodent imaging.
Our multimodal imaging results provide evidence of concurrent decreases in BOLD signal, functional disconnectivity and altered ultra-structural tissue integrity in the prefrontal-hippocampal regions upon subchronic memantine treatment. This would substantiate the hypothesis that repeated NMDA receptor blockade with nonspecific, noncompetitive NMDA antagonists may lead to structural alterations particularly in the hippocampus and cingulate cortex. This study also illustrates the utility of comprehensive multimodal imaging (pharmacological, resting state and diffusion kurtosis MRI) towards the development of noninvasive imaging models.
In addition, it is important to note that memantine is a clinically approved drug, in contrast to its scheduled counterparts such as ketamine or PCP. Therefore, the use of memantine as a pharmacological challenge model carries a translational potential, as it would be possible to study the effects of memantine in man in well-controlled imaging studies, both following acute and chronic/repeated administration.
